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Abstract 19 
This paper analyses the population dynamics, growth and feeding ecology of 20 
Dicentrarchus labrax in order to gain a better understanding of its present role 21 
in the western Dutch Wadden Sea ecosystem. Otolith analysis showed that the 22 
population is mostly comprised of individuals aged 3 to 5 years old and between 23 
20 and 45 cm in length. In autumn, 0-group juveniles are also an important 24 
part of the population. Both juveniles and adults use the area as a feeding 25 
ground exhibiting an opportunistic feeding strategy that relies on available prey, 26 
especially the brown shrimp Crangon crangon. Stomach content analysis and 27 
nitrogen stable isotope analysis showed an ontogenetic shift towards piscivory 28 
and a general decrease in the dominance of invertebrates with increasing size. 29 
Over the last 50 years, large between year fluctuations in D. labrax abundance 30 
have been observed with an underlying increasing trend from about 1990 until 31 
2007 followed by a subsequent decline. Spring abundance showed significant 32 
relationships with temperature and salinity while autumn abundance was only 33 
related to temperature. Spring and autumn D. labrax abundance were also 34 
strongly related to abundance of brown shrimp C. crangon prey. Long-term 35 
trends in temperature and salinity in the area suggest that environmental 36 
conditions for juvenile growth have become optimal, resulting in increased 37 
abundance since the mid-1980s. Continued monitoring of the dynamics of this 38 
species in the Dutch Wadden Sea is important to understand and anticipate the 39 
effects of climate change on the D. labrax population and its role in the local 40 
food web. 41 
 42 
Keywords: population dynamics, long-term abundance trend, growth, age, 43 
feeding ecology, sea bass. 44 
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 45 
INTRODUCTION 46 
The European sea bass Dicentrarchus labrax (Linnaeus 1758) (Moronidae) is a 47 
demersal species of high commercial and recreational value in north-east 48 
Atlantic waters and in the Mediterranean. D. labrax inhabits estuaries, lagoons, 49 
coastal waters and occasionally rivers (Smith, 1990; Kottelat & Freyhof, 2007), 50 
and is found from Senegal to Norway, including the Mediterranean and the Black 51 
Sea (Smith, 1990; FAO, 2013; Froese & Pauly, 2013). Larvae develop in 52 
continental shelf water sand then migrate to sheltered coastal or estuarine areas 53 
where juveniles spend the next few years of life (Holden & Williams, 1974; 54 
Kelley, 1988; Pickett & Pawson, 1994). Estuaries are important nursery areas 55 
for D. labrax due to their high productivity and favourable environmental 56 
conditions for juvenile growth (Boeuf & Lassèrre, 1978; Costa & Bruxelas, 57 
1989).  58 
The biology and ecology of D. labrax have been extensively studied in 59 
several Atlantic coastal and the Mediterranean areas, especially in the U.K. (e.g. 60 
Kennedy & Fitzmaurice, 1972; Holden & Williams, 1974; Claridge & Potter, 61 
1983; Aprahamian & Barr, 1985; Kelley, 1988, 2002; Pickett & Pawson, 1994; 62 
Henderson & Corps, 1997), French coast (Lam Hoai, 1970; Stequert, 1972; 63 
Barnabé, 1976, 1978; Fritsch, 2005; Dufour et al., 2009) and Portuguese coast 64 
(Costa & Bruxelas, 1989; Cabral & Costa, 2001; Martinho et al., 2008; 65 
Vasconcelos et al., 2009; Vinagre et al., 2009, 2012a). Contrasting results 66 
regarding recruitment, growth and condition of D. labrax in these areas illustrate 67 
the importance of population- and area-specific research to understand the 68 
effects of biotic and environmental variables on the population dynamics of this 69 
species across its distributional range. In Dutch waters, D. labrax abundance 70 
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has shown a continuous increase from the mid-1980s to mid-2000s, both in the 71 
coastal zone as well as in estuarine areas (Tulp et al., 2008). However, 72 
information regarding its population structure and dynamics in these areas is 73 
scarce and limited to reports (Bierman et al., 2010; Kroon, 2007).  74 
We report here on the growth, feeding ecology and abundance of D. 75 
labrax in the western Dutch Wadden Sea. The Dutch Wadden Sea is part of an 76 
international wetland ecosystem that has been designated as a UNESCO World 77 
Heritage Site in 2009. With 4700 km2 of intertidal flats it is one of the world’s 78 
largest intertidal systems. The western Dutch Wadden Sea is recognized as an 79 
important nursery and feeding ground for several fish species (Zijlstra, 1972; 80 
Bergman et al., 1988, 1989; Van der Veer et al., 1991, 2001) and serves as a 81 
breeding and wintering area for millions of migratory birds (Reise et al., 2010). 82 
Given the recent colonization of the western Dutch Wadden Sea by D. labrax 83 
(Tulp et al., 2008), the need arose to studying the position of this species in the 84 
local food web to gain a better understanding of its present role in the Wadden 85 
Sea ecosystem. Since growth and feeding are two important aspects influencing 86 
population dynamics, an integrative approach combining information from 87 
multiple sources dealing with long-term abundance patterns, growth rates, sex-88 
specific size and age distribution, stomach content and stable isotope analysis 89 
was used. In addition, in order to understand the fluctuations in D. labrax 90 
abundance in the area over the course of time, the effect of a number of abiotic 91 
(salinity, temperature) and biotic (prey abundance) variables was examined 92 
using available time-series.   93 
 94 
MATERIALS AND METHODS 95 
Data acquisition 96 
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Data used by this study are from two sources: the NIOZ fyke net programme 97 
and the beach seine surveys carried out in the western Dutch Wadden Sea 98 
(Figure 1). The NIOZ fyke net programme started in 1960 and consists of a 99 
passive fishing kom-fyke net with a stretched mesh-size of 20 mm near the 100 
southern point of Texel, at the entrance of the Dutch Wadden Sea which is 101 
deployed annually. This trap is a combination of a pound net and a fyke with a 102 
200 m leader running from above high water into the subtidal where two end 103 
chambers collect the fish. The tidal range is between 1-2 m depending on tidal 104 
phase and weather conditions. Fishing is usually undertaken from April to June, 105 
interrupted in summer because of jellyfish and weed clogging, and then 106 
restarted in September until the end of October. In winter, when ice forms, the 107 
fyke is removed. Until 1995, the fyke was emptied every Monday to Friday 108 
morning. From 1995 onwards the fyke was emptied every day. Occasionally, 109 
when catches are low, the net was emptied every other morning. All fyke net 110 
catches were sorted immediately, identified to species and counted. Between 111 
1970 and 1978, fyke catches were measured irregularly, with a frequency of 112 
less than once a week. From 1979 onwards, all fish caught were measured to 113 
the nearest cm total length (TL). Since 2005, catch sub-samples were analysed 114 
in more detail including sex, reproductive stage, diet and age. In 2011, fish 115 
samples were also collected for stable isotope analysis. The validity of data from 116 
a single fish trap for the study of long-term trends in fish populations relies on 117 
the assumption that, on-average, a constant fraction of the study populations 118 
is sampled. This assumption was validated for most species by comparing 119 
contemporaneous trends in a number of traps in the study area (Van der Veer 120 
et al., 1992; Van der Meer et al., 1995).  121 
6 
 
Beach seine surveys were carried out in 2010 and 2011 to collect 122 
information on young-of-the-year D. labrax. Sampling was done around low 123 
water in the Amsteldiep tidal gully surrounding the Balgzand intertidal (Fig. 1). 124 
At each sampling date 4 hauls were made from the low water mark to a depth 125 
of about 1.2 m and covering a surface area of about 60 m2. All fish collected 126 
were sorted immediately, counted and measured.  127 
 128 
Age and growth 129 
Annual growth increments on D. labrax otoliths collected from 2005 onwards 130 
were identified and counted in order to estimate individual age. The sagittal 131 
otolith pair was removed, cleaned and either the left or right otolith was chosen 132 
for analysis depending on the clarity of the increment pattern. The selected 133 
otolith was submerged in a black vat filled with water with the sulcus facing 134 
down, and observed under a stereomicroscope using reflective light. Annual 135 
rings (annuli) were identified as the combination of opaque (indicating 136 
spring/summer growth) and translucide (indicating autumn/winter growth) 137 
bands alternating around a central nucleus. Counts were made by two readers 138 
and whenever the age obtained from two readings differed, the otolith was re-139 
examined by both readers to make a final decision. In cases of disagreement, 140 
the otolith was excluded from further analyses. The transition between age 141 
groups was set as the 1st of January.  142 
Growth curves were fitted to length-at-age data with the Von Bertalanffy 143 
growth model (VBGM) using the traditional version of the model developed by 144 
Von Bertalanffy with modifications by Beverton (1954) and Beverton & Holt 145 
(1957) (Cailliet et al., 2006): 146 
 147 
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Lt = L∞ * (1 - e-K*(t-t0))        [1] 148 
 149 
whereby L∞ is the estimated maximum total length (cm), K is the growth rate 150 
constant (y−1), t is age (y), t0 is the age at length zero and Lt is the observed 151 
length at age t.  152 
Growth was examined separately for females, males, and all individuals 153 
together (including both sexes, immature and non-identified specimens). In all 154 
specimens the gonad was inspected and, if possible, sex was determined. For 155 
analysis of sex-specific growth differences in model parameters, different 156 
models were compared. Sex-specific models (i.e. separate parameter estimates 157 
for males and females) were compared with models with one parameter in 158 
common (either L∞ or K were the same for both sexes) and with a common 159 
model (same parameter estimates for both groups). All growth models were 160 
fitted using the R package version 3.1.0 programming environment (R Core 161 
Team, 2014), with parameters estimated using nonlinear least-squares (nls). 162 
An attempt to iteratively estimate all parameters was done resulting in a very 163 
large L∞ (214 cm) which was unrealistic according to reports on maximum 164 
length (Pickett & Pawson, 1994; Freitas et al., 2010). Therefore, t0 was fixed to 165 
day 59 (0.16 years), corresponding to a birth date of 1st of March based on the 166 
spawning season of D. labrax described for the U.K.  (Thompson & Harrop, 167 
1987; Jennings & Pawson, 1992; Pawson & Pickett, 1996). For each growth 168 
model, the parameters, their corresponding standard error (SE) and the lower 169 
and upper limits of the 95% confidence intervals and 95% prediction intervals 170 
were estimated. Model goodness of fit, comparison and selection were based on 171 
the Akaike information criterion (AIC), with the best model defined as the one 172 
having the lowest AIC value (Katsanevakis, 2006). 173 
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Comparison of growth parameters of the Von Bertalanffy curve with those 174 
described for other D. labrax populations were performed using the growth 175 
performance index Φ (Φ=log10K + 2*log10L∞) described by Pauly & Munro 176 
(1984).  177 
 178 
Feeding ecology 179 
Feeding patterns were studied based on stomach content and stable isotope 180 
analyses. For diet analyses, a subset of the fish collected in the fyke net (from 181 
2005 to 2011) and in the beach seine surveys was used. Stomachs were 182 
removed and each prey item was identified to the lowest possible taxon, counted 183 
and measured for total length (TL). No adjustment of prey TL due to partial 184 
digestion was performed. For subsequent analyses, prey taxa were pooled into 185 
higher taxonomic groupings, as well as unidentified or digested material. 186 
The relative importance of each prey item in D. labrax diet was assessed 187 
using standard indices including the numerical index (NI), calculated as the 188 
percentage of each prey item in relation to the total number of individuals of all 189 
prey items combined, and the occurrence index (OI) estimated as the 190 
percentage of each prey item in all non-empty stomachs (Hyslop, 1980). Diet 191 
composition in terms of weight was not assessed due to a lack of systematic 192 
weighting of each prey item. To evaluate ontogenetic changes in the diet 193 
composition of D. labrax, dietary indices were calculated in relation to fish length 194 
grouped in 5 cm size classes.  195 
Predator-prey relationships were further examined for the most abundant 196 
prey using quantile regression. To assess the relationship between minimum, 197 
median and maximum prey size consumed with D. labrax length, regressions 198 
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on the 5, 50 and 95% quantiles were performed (Scharf et al., 2000). The 199 
analysis was implemented in R using the ‘quantreg’ package (Koenker, 2013). 200 
For nitrogen stable isotope analysis (SIA), tissue samples from both fyke 201 
and beach seines catches were collected in 2011. 50 individuals covering the 202 
entire size range captured (4 to 53 cm TL) were selected and, from each fish, a 203 
portion of the white dorsal muscle tissue was removed, cleaned from bones and 204 
scales, and freeze-dried in a glass vial for more than 48h. Dried samples were 205 
then grounded with a mortar and pestle to a fine and uniform powder. Aliquots 206 
of homogenised tissue (between 0.4 – 0.8 mg dry sample) were weighed to the 207 
nearest 0.001 mg and packed in tin cups in preparation for SIA. Isotopic ratios 208 
were measured in duplicates using a Flash 2000 elemental analyzer (EA) 209 
coupled to a DeltaV Advantage-irmMS (Thermo Scientific). Stable isotope ratios 210 
were expressed in the δ unit notation in units per mil according to:  211 
 212 
δ15N(‰) = [(Rsample/Rstandard) –1 ] x 1000       [2] 213 
 214 
where Rsample and Rstandard are the ratios of heavy to light isotopes (15N/14N) of 215 
sample or standard, respectively. δ15N is reported relative to atmospheric N2. 216 
The analytical precision for δ15N based on repeated measurements of a 217 
laboratory standard (acetanilide) was ± 0.26‰ (n = 60). In order to test for 218 
ontogenetic variability in isotopic composition, Gaussian linear and additive 219 
models were applied using D. labrax length as an explanatory variable. 220 
Statistical tests were performed in R with a significance threshold fixed at 5%. 221 
 222 
Annual trends in abundance  223 
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Daily catches of the NIOZ fyke were used to calculate the total numbers of D. 224 
labrax caught per year during spring (April – June) and autumn (September – 225 
October). Generalized additive modelling (GAM) (Hastie & Tibshirani, 1990; 226 
Faraway, 2006; Zuur et al., 2007) was used to describe the temporal trends in 227 
abundance and to compare between seasons (spring and autumn). Poisson 228 
GAMs were fitted to the abundance data using the mgcv (Wood, 2006) package 229 
in R. A quasi-Poisson error structure was employed to account for overdispersion 230 
(c.f. McCullagh & Nelder, 1989), as the data set comprised a large number of 231 
observations with very low abundances. 232 
Two models were compared, whereby the explanatory variables 233 
considered were season (nominal) and year (fitted as a smoother):  234 
 235 
Abundancei = α + offset (LogFi) + f(yeari) + factor(seasoni) + εi [3] 236 
 237 
Abundancei = α + offset (LogFi) + f1(yeari) + f2(yeari) x factor(seasonautumn,i) +  238 
factor(seasoni) + εi      [4] 239 
 240 
where α is an intercept, f is the smoothing function and εi is the residual. Model 241 
[3] assumes that both seasons have the same abundance-year relationship, i.e., 242 
one smoothing curve is used for both seasons. In model [4], the first smoother 243 
(f1(yeari)) represents the overall year effect in both seasons while the second 244 
smoother (f2(yeari)) represents the deviation in autumn from the overall 245 
abundance-year relationship. To adjust for differences in fishing effort between 246 
years and seasons, the natural log-transformed number of days fished (LogFi) 247 
was used as an offset variable. Because in 1967 no fishing was done in autumn, 248 
this year was excluded from the analysis. The smooth functions were 249 
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constructed as penalized (thin plate) regression splines, with automatic 250 
selection of the effective degrees of freedom during the fitting process (Wood, 251 
2006). The effects of temporal autocorrelation were investigated by analysing 252 
the residual autocorrelation function (ACF). No temporal autocorrelation was 253 
detected in any of the models. An F-test (Wood, 2006) was applied to compare 254 
the two models. 255 
 256 
Abiotic and biotic variables 257 
Time series of abiotic and biotic variables were used to examine whether D. 258 
labrax abundance was related to changes in environmental variables and food 259 
availability. Daily water temperature and salinity were obtained from a long-260 
term monitoring program at the NIOZ sampling jetty, located in the vicinity (< 261 
1 km) of the NIOZ fyke (Van Aken, 2003). From the daily temperature and 262 
salinity measurements, an index for winter and summer was calculated 263 
respectively as the mean of December, January and February, and the mean of 264 
July and August (Supplementary material Figure S1). Indices of spring and 265 
autumn abundance of the main preys of D. labrax (based on diet analysis) were 266 
determined as described above for the NIOZ fyke net catches (Supplementary 267 
material Figure S2). 268 
The influence of temperature, salinity and prey’s abundance on D. labrax 269 
spring and autumn abundances, from 1961-2011, was analysed with 270 
generalized additive modelling, similarly as described above. The general model 271 
structure for each season was: 272 
 273 
Abundancei = α + offset (LogFi) + ∑ 𝑓𝑘(𝑍𝑘𝑖)𝑘  + εi    [5] 274 
 275 
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where 𝑓𝑘 are smooth functions of the explanatory variables, and 𝑍𝑘𝑖 is the value 276 
of the explanatory variable 𝑘 per observation i. Analysis for D. labrax spring 277 
abundances considered seawater temperature and salinity from the previous 278 
winter and the previous summer, and prey abundance in spring. Analysis for D. 279 
labrax autumn abundances considered seawater temperature and salinity from 280 
the summer and the previous winter, and prey abundance in autumn. 281 
Correlations between explanatory variables (collinearity) were assessed by 282 
multiple pair-wise scatter plots (pairplots). A forward selection procedure was 283 
used (following Zuur et al., 2009), whereby the starting point was a GAM with 284 
only one explanatory variable, which was fitted x times depending on the 285 
number of different variables (e.g. 6 times for spring abundances). Different 286 
models were compared in terms of the generalised cross-validation (GCV) 287 
scores (Wood, 2006). The model with the lowest GCV was then used in a next 288 
GAM with two explanatory variables, by adding each of the remaining variables 289 
to the model (resulting in e.g. 5 models with 2 variables for spring). This 290 
selection procedure was continued until a combination was found which resulted 291 
in higher GCV than the previous (simpler) model, resulting on the selection of 292 
the simpler model. Because for spring the number of smoothers in the final 293 
model used more degrees of freedom than the number of observations, the basis 294 
dimension parameter k was set to 6 for all smothers in the model. The effects 295 
of temporal autocorrelation were investigated as described above whereby no 296 
autocorrelation was detected in any of the selected models. 297 
 298 
RESULTS 299 
Age and growth 300 
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In total, 335 individuals ranging from 3.6 to 70 cm TL were aged by otolith 301 
analysis. The maximum age found was 11 years. Results showed that L∞ and K 302 
differed significantly between sexes (the model with the lowest AIC was the 303 
general model). Females had a significantly higher L∞ (d.f. = 149; L∞ = 114.6 304 
cm, 95% C.I.: 95.1-146.6 cm) and a lower K (0.08 y-1, 95% C.I.: 0.06-0.10 y-305 
1) than males (d.f. = 154; L∞ = 83.5 cm, 95% C.I.: 70.8-101.8 cm; K = 0.11 306 
y-1, 95% C.I.: 0.09-0.14 y-1) (Figure 2). For comparison with published 307 
literature, VBGM parameters were also estimated considering all individuals 308 
(males, females, immature and non-identified specimens) which resulted in: L∞ 309 
= 102.4 cm (95% C.I.: 90.6-121.3 cm) and K = 0.09 y-1 (95% C.I.: 0.07-0.11 310 
y-1) (d.f. = 333). The calculated growth performance index Φ was 3.02 for 311 
females, 2.88 for males and 2.97 considering all individuals. The largest size 312 
caught in the long-term data series was 85 cm (in 1999) but unfortunately no 313 
otoliths were retrieved from this animal. 314 
 315 
Feeding ecology 316 
In total, 408 stomachs were analysed from individuals ranging from 2.5 to 70 317 
cm TL. Of all stomachs inspected, 138 (about 34%) were empty. The D. labrax 318 
diet consisted of 32 prey items belonging to 7 major taxonomic groups, as well 319 
as unidentified materials (Figure 3, Supplementary material Table S1). 320 
Decapods were the dominant prey, according to both numerical and occurrence 321 
indices, with values of 42 and 59%, respectively. Within this group, the brown 322 
shrimp Crangon crangon (Linnaeus 1758) was by far the most important prey 323 
(NI=37%, OI=49%; Supplementary material Table S1). Fish (Teleostei) and 324 
mysids (Mysidae) were the second and third most important prey groups with 325 
similar numerical contributions to the diet although fish occurred more 326 
14 
 
frequently (Figure 3). Of the 9 fish species found, herring Clupea harengus 327 
(Linnaeus 1758) was the most common (NI=14%, OI=17%; Supplementary 328 
material Table S1). 329 
  Size-related differences in diet were observed and similar patterns were 330 
found irrespective of the index considered. The diet of small juvenile D. labrax 331 
(< 10 cm) was dominated by mysids, but this group was practically absent in 332 
larger fish. From this size onwards, the contribution of decapods, mainly C. 333 
crangon, increased reaching 85% of the numerical diet composition in 25-29 cm 334 
TL D. labrax, thereafter slightly decreasing but still present in about 50% of the 335 
stomachs of all larger size classes (Figure 3). The degree of piscivory increased 336 
with size. In fish longer than 50 cm TL, plaice Pleuronectes platessa (Linnaeus 337 
1758) was also an important prey (NI: 24 – 32%, OI: 29 – 33%).  338 
Figure 4 shows the predation of D. labrax on C. crangon and C. harengus 339 
according to size for all stomachs examined. As D. labrax increased in size, 340 
larger C. crangon were preyed upon as indicated by a significant positive 341 
relationship between predator and prey sizes (Pearson correlation, n = 186, r= 342 
0.58, P < 0.001). Minimum, median and maximum prey size increased 343 
significantly with increasing D. labrax length (slope and intercepts of 5; 50; 95% 344 
quantile regressions: 0.06 and 0.48; 0.06 and 2.04; 0.08 and 3.25, 345 
respectively; P < 0.05). No significant difference was found between the slopes 346 
of the 5% and 95% quantiles indicating that both the minimum and maximum 347 
C. crangon sizes consumed increased at a same rate with predator length. In 348 
the case of C. harengus, 4-10 cm fish were eaten but no relationship between 349 
predator and prey length was found over the range of sizes examined.  350 
The trophic position of D. labrax was assessed with δ15N individual 351 
signatures. Values ranged from 12.6 to 19.8 ‰ with an average of 16.5 ‰ (± 352 
15 
 
1.1‰). Values of δ15N increased significantly with body size (ANOVA; F1,45 = 353 
30.15; r2 = 0.40; P < 0.001) indicating higher trophic levels for larger D. labrax, 354 
consistent with the progressive increase in piscivory observed in the diet 355 
(Supplementary material Figure S3).  356 
 357 
Annual trends in abundance 358 
Abundances of D. labrax in spring and autumn are presented in Figure 5, 359 
together with model predictions. Maximum abundance in spring was observed 360 
in 2005 although high abundances were also observed in 1990, 1999 and from 361 
2001 to 2009. In autumn, highest numbers were caught in 2003 with peaks in 362 
1984, 2001-2004, 2007 and 2011. Minimum spring abundance occurred in 1960 363 
(1 individual caught) while in several years (1966, 1970, 1974-76, 1982 and 364 
1987) no individuals were caught in autumn.  365 
Generalized additive modelling revealed that abundances did not differ 366 
significantly between seasons (ANOVA; model [3]: F1,94 = 0.07, P = 0.79; model 367 
[4]: F1,88 = 0.22, P = 0.64). The overall year effect (represented by the same 368 
smoother for both seasons) indicated that there was a significant year effect 369 
(ANOVA; model [3]: F6,94 = 11.49, P < 0.001; model [4]: F7,88 = 8.56, P < 370 
0.001) on the abundance of D. labrax. However, the yearly pattern of 371 
abundance was not significantly different between seasons (i.e. the abundance-372 
year pattern in autumn did not significantly differ from the overall pattern in 373 
model [4]: ANOVA, F7,88 = 0.63, P = 0.72). Overall, D. labrax abundances 374 
showed an increasing trend, although a decrease was observed from 2007 375 
(Figure 5). Comparison of models [3] and [4] found no significant differences 376 
(ANOVA, F7,88 = 1.93, P = 0.10), confirming that abundance-year patterns were 377 
not different between seasons. 378 
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 379 
Abiotic and biotic variables 380 
Based on diet analysis, the spring and autumn abundance of brown shrimp C. 381 
crangon and herring C. harengus were selected as biotic explanatory variables 382 
in the D. labrax abundance model. For C. harengus, a selection of size classes 383 
potentially relevant as prey was made based on the size spectrum found in the 384 
examined stomachs (up to 10 cm). In the case of C. crangon, all size classes 385 
present in fyke catches were included in the analyses.  386 
Initial exploratory data analysis on the explanatory variables influencing 387 
D. labrax abundances in spring and autumn revealed no strong collinearity 388 
between the selected explanatory variables (r<0.51 for spring and r<0.58 for 389 
autumn). The final model for spring included the effects of C. crangon spring 390 
abundance, temperature in the previous winter and previous summer, and 391 
salinity in the previous winter and previous summer. This model explained 88% 392 
of the deviance (adjusted r2 = 0.87). Spring abundance showed a marked 393 
relationship with seawater temperature and salinity in the previous winter and 394 
with shrimp abundance in spring (Figure 6, Table 1). D. labrax spring abundance 395 
showed an overall increase with C. crangon spring abundance. The shape of the 396 
smooth function showing a decrease in D. labrax abundance between 150 and 397 
400 C. crangon in spring followed by an increase is probably due to the fact that 398 
very high abundances of C. crangon were found in a few years. Winter mean 399 
temperatures above 2°C lead to an increase in D. labrax spring abundance and 400 
a peak in D. labrax abundance was seen at winter salinities around 28.5. D. 401 
labrax spring abundance was also associated with seawater temperature and 402 
salinity in the previous summer. The relationship between D. labrax spring 403 
abundance and temperature in the previous summer yielded a wiggly curve 404 
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showing a general increase in D. labrax abundance with increasing temperature. 405 
A negative linear relationship was found between D. labrax spring abundance 406 
and salinity.  407 
The final model for autumn included the effects of C. crangon abundance 408 
in autumn and temperature in the previous winter. This model explained 79% 409 
of the deviance (adjusted r2 = 0.82). Autumn abundance was associated with 410 
temperature in the previous winter (Figure 7, Table 1), whereby highest autumn 411 
abundances occurred at winter temperatures above 4.5°C. D. labrax autumn 412 
abundance was also positively associated with high autumn C. crangon 413 
abundance.  414 
 415 
DISCUSSION 416 
Population structure 417 
The D. labrax population in the western Dutch Wadden Sea is dominated by 418 
juveniles older than 1 year and by adults, although in autumn 0-group juveniles 419 
are also an important part of the population. Most individuals caught belonged 420 
to age classes 3 to 5 years old, comprising a size range between 20 and 45 cm. 421 
Although reproduction data has not been analysed in the present study, reports 422 
of size at first maturity from U.K. waters (Pawson et al., 2007) suggest that this 423 
size class mostly corresponds to immature individuals. In the U.K., D. labrax 424 
remain in coastal and estuarine nursery habitats until about 36 cm in length 425 
(Pawson et al., 1987; Pickett et al., 2004), after which adolescent or mature 426 
fish either stay at inshore feeding areas or migrate offshore to pre-spawning 427 
and spawning grounds (Pawson et al., 1987). It thus seems that the western 428 
Dutch Wadden Sea supports juvenile D. labrax growth and the presence of 0-429 
group suggests that the area acts as a nursery for this species. The fact that 430 
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only two 1 year old animals were sampled is likely a sampling artefact, due to 431 
the large mesh size of the fyke net combined with avoidance of the beach seine. 432 
Future sampling should focus on early juvenile stages (0- and I-group). These 433 
are sensitive to environmental conditions (Person-Le Ruyet et al., 2004; Vinagre 434 
et al., 2012a, 2012b, 2012c) and could therefore give a better indication of 435 
changes in the nursery function of this area for the species.  436 
The estimated L∞ values in this study were in line with predictions for the 437 
species using bioenergetics modelling (103 cm for females and 87 cm for males; 438 
Freitas et al., 2010) and were not far from the maximum observed size in the 439 
area of 85 cm (this study). Estimated L∞ values were higher than the ones 440 
reported for populations from other areas (Table 2). The estimated K value was, 441 
on the other hand, lower than described in previous studies but this was 442 
expected as the two parameters are inversely related (Pauly, 1984). The index 443 
of growth performance Φ resulted in a relatively high value (2.97), larger than 444 
the ones reported for British and Irish coasts and similar to the one described 445 
in more southern Atlantic areas, such as south Brittany and the Bay of Biscay 446 
(Table 2). Since no recent data on growth of D. labrax are available from other 447 
areas it is not possible to assess whether conditions for growth in the western 448 
Dutch Wadden Sea are better than in other areas or whether growth conditions 449 
have generally improved over the last decades. 450 
 451 
The role of D. labrax in the system 452 
As in other areas, D. labrax diet in the western Wadden Sea is largely composed 453 
of crustaceans. D. labrax has been described as an opportunistic feeder, 454 
adapting its diet to the most available food sources (Pickett & Pawson, 1994; 455 
Laffaille et al., 2000). Such flexible feeding behaviour has been observed in 456 
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other areas (Arias, 1980; Cabral & Costa, 2001; Martinho et al., 2008). The high 457 
dominance of shrimp C. crangon in the diet of juvenile D. labrax may also be 458 
related to its general high abundance and all-year around availability as C. 459 
crangon is a major component of the mobile epibenthic fauna of the western 460 
Wadden Sea tidal flats (Kuipers & Dapper, 1984; Beukema, 1992). The same 461 
opportunistic feeding strategy probably explains the dominance of small herring 462 
in D. labrax diet, as the Wadden Sea is well known as a nursery and feeding 463 
ground for C. harengus (I. Tulp, pers. comm.). 464 
Adult D. labrax are placed high in the food chain due to their piscivorous 465 
diet (Pasquaud et al., 2010; Spitz et al., 2013). An increase in piscivory with D. 466 
labrax size observed in the Wadden Sea has been reported in other wild 467 
populations (Barnes et al., 2008; Pasquaud et al., 2008) emphasizing the need 468 
to consider fish size when evaluating function and trophic position in the food 469 
web (Pasquaud et al., 2010). 470 
In many fish species, the larger the predator, the larger the size spectrum 471 
of prey consumed (Keast & Webb, 1966; Juanes & Conover, 1994) which seems 472 
to be related to anatomical changes in predation mechanisms as well as 473 
increased swimming capabilities and better visual acuity (Keast & Webb, 1966; 474 
Webb, 1976; Beamish, 1978). Such a relationship was found for C. crangon 475 
prey where the size of shrimps consumed increased linearly with D. labrax 476 
length. However, contrary to the widespread pattern of asymmetrical predator 477 
size-prey size relationships observed in many fish species (Scharf et al., 2000), 478 
both maximum and minimum prey sizes increased in parallel for larger D. 479 
labrax. This indicates a constant niche breadth, consistent with the traditional 480 
foraging theory according to which predators should maximize their net 481 
energetic return by selecting the largest available prey (Schoener, 1971; 482 
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Stephens & Krebs, 1986). From the prey viewpoint, these results indicate that 483 
the C. crangon population size range in the Dutch Wadden Sea is vulnerable to 484 
D. labrax predation. Fish predation has been identified as the main factor 485 
affecting autumn recruitment of C. crangon population in the region (Campos 486 
et al., 2010) but the specific impact of D. labrax was not assessed. 487 
 488 
Long-term trends in abundance 489 
Over the last 50 years, an overall increasing trend in D. labrax in the western 490 
Dutch Wadden Sea was found especially from 1990 until 2007, however there 491 
were large between year fluctuations. A similar increasing trend in abundance 492 
has been observed along the Dutch coast and in the Western Scheldt estuary in 493 
southern Netherlands (Tulp et al., 2008). Water temperature is a critical factor 494 
determining abundance and distribution of fish species, including D. labrax, in 495 
estuaries (Marshall & Elliott, 1998; Power et al., 2000; Cabral & Costa, 2001; 496 
Attrill & Power, 2002; Henderson et al., 2011; Pasquaud et al., 2012). The 497 
increase in mean annual temperature observed since the 1980s in the western 498 
Dutch Wadden Sea as well as along the whole Dutch coastal zone (Van Aken, 499 
2008a, 2010), suggests that temperatures for growth of D. labrax may be more 500 
favourable in recent years than in the past. During the last decade, mean 501 
summer water temperature in the western Dutch Wadden Sea was around 18°C, 502 
and in some months even reached 21°C (Van Aken, 2008a; H. van Aken, pers. 503 
comm.), which are optimal for growth of juvenile D. labrax (Barnabé, 1990; 504 
Vinagre et al., 2012c).  505 
D. labrax spring abundances were usually highest when temperatures in 506 
the previous year were around or above the average of the whole dataset (4°C 507 
in winter and 18°C in summer). A positive relationship was indeed observed 508 
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between spring abundance and summer and winter temperatures in the 509 
previous year. In south-west Britain, higher year-classes occurred in warmer 510 
years, whereby spring and summer temperature appeared to determine the 511 
winter survival of 0-group D. labrax and the number of I-group observed the 512 
next spring (Henderson & Corps, 1997). Autumn abundances in the western 513 
Dutch Wadden Sea also showed a strong relationship with temperature in the 514 
previous winter. Higher winter temperatures are known to lead to higher 515 
recruitment success the following year (Holmes & Henderson, 1990) and to 516 
improve survival of larvae and juvenile D. labrax during their first winter (Kelley, 517 
1988; Pawson, 1992). 518 
Salinity is also an important factor structuring estuarine fish communities 519 
(e.g. Marshall & Elliott, 1998; Drake et al., 2002; Costa et al., 2007; Henderson 520 
et al.; 2011; Pasquaud et al., 2012), as a result of different physiological 521 
tolerance and habitat preference of species and life stages. Salinity in the 522 
previous summer and winter was seen to influence D. labrax spring abundance 523 
with highest abundance at a salinity of about 28. This is consistent with evidence 524 
from laboratory experiments where this species showed consistently better 525 
growth at an intermediate salinity of about 26 compared to higher or lower 526 
salinities (Johnson & Katavic, 1986). From 1861 to 2003, annual mean salinity 527 
decreased in the Dutch Wadden Sea, mainly due to changes in rainfall, river 528 
flow and engineering works on inland rivers (Van Aken, 2008b). This suggests 529 
that, in addition to more favourable temperatures, also salinity may have 530 
become more optimal for growth of D. labrax. 531 
A recent decreasing trend (since 2007) in D. labrax abundance has been 532 
observed in the Dutch Wadden Sea. Such a trend has also been reported for the 533 
Bristol Channel, contemporary with a decline in average temperatures 534 
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(Henderson & Bird, 2011). In the Dutch Wadden Sea, a decrease in temperature 535 
has not been observed yet but mean annual salinity has increased since the 536 
early 2000’s (H. van Aken, pers. comm.) although the available time series is 537 
presently too short to see a clear trend. Moreover, our modelling results suggest 538 
that long-term fluctuations in D. labrax abundance are also affected by C. 539 
crangon abundance, as observed for other areas (Kelley, 1987; Costa & 540 
Bruxelas, 1989). A decreasing trend in the stock size of C. crangon has also 541 
been observed after 2000 (Campos et al., 2010; this study), suggesting that a 542 
combination of decrease in prey availability and changing environmental 543 
conditions may be responsible for the recent declining trend in D. labrax 544 
abundance. In addition, other factors such as wind speed and direction, depth, 545 
and cannibalism (Henderson & Corps, 1997; Cabral & Costa, 2001; Martinho et 546 
al., 2009; Pasquaud et al., 2012) have also been proposed to explain variability 547 
in D. labrax year-to-year recruitment and abundance. 548 
 549 
Conclusions 550 
This study shows that the western Dutch Wadden Sea has become an important 551 
area for D. labrax. It is unclear how the D. labrax population will develop in the 552 
near future and how this will impact their epibenthic and nektonic prey. Ocean 553 
warming seems to be the reason for the northerly extension in distribution of 554 
several fish species, including D. labrax (Brander et al., 2003; Rose, 2005; ICES, 555 
2012). However, the consistent use of coastal and estuarine areas depends of 556 
the quality of local feeding and nursery grounds. Climate variability is known to 557 
affect fish recruitment, spawning and feeding distributions (Beaugrand et al., 558 
2003; Ottersen et al., 2004; Rose, 2005). Warmer winter temperatures are 559 
thought to have lengthened the residence time of D. labrax in summer feeding 560 
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areas and caused D. labrax to spawn further away from their main spawning 561 
areas (Pawson & Pickett, 1996; Pawson et al., 2007). A warming climate could 562 
prolong the residence time of juvenile D. labrax in the Dutch Wadden Sea and/or 563 
provide suitable overwintering conditions causing higher abundance of adults in 564 
autumn and winter. In addition, climate variability is also expected to affect 565 
individual prey species with impacts on predator–prey interactions and on the 566 
food web (Freitas et al., 2007). A long-term increase in the western Dutch 567 
Wadden Sea C. crangon population has been observed (Campos et al., 2010; 568 
Tulp et al., 2012), which seems to have positively affected food availability for 569 
D. labrax. Dynamics of both prey and predator populations have changed in 570 
recent years (Campos et al. 2010, this study) but analysing cross-correlations 571 
requires longer time series for sound conclusions. Combined with variations in 572 
the extent of prospective fisheries, the future of D. labrax population in the 573 
Dutch Wadden Sea remains largely unknown. However, continued monitoring is 574 
an important tool to understand and anticipate D. labrax responses to further 575 
environmental changes.  576 
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 902 
Captions to Figures 903 
Fig. 1. Sampling areas in the Western Dutch Wadden Sea. Location of the NIOZ 904 
fyke net () near the southern tip of Texel, tidal gullies where beach seine hauls 905 
( ) were performed and, the jetty used for measuring water temperatures (). 906 
 907 
Fig. 2. Estimated Von Bertalanffy growth curves for females (back symbols and 908 
full line) and males (grey symbols and stripped line). 909 
 910 
Fig. 3. Size variation in diet composition of D. labrax according to a) numerical 911 
and b) occurrence indices. Occurrence index values were rescaled to sum 100% 912 
across all prey items. 913 
 914 
Fig. 4. Relationship between prey length and D. labrax total length. For C. 915 
crangon the quantile regression lines are shown. Solid line: median prey length 916 
(50% quantile), dashed lines: minimum (5% quantile) and maximum (95% 917 
quantile) prey length. Each symbol represents a single prey eaten by D. labrax.  918 
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 919 
Fig. 5. D. labrax abundance in spring and autumn (total numbers of fish caught 920 
per season) in the western Dutch Wadden Sea. Full lines are GAM model 921 
predictions and striped lines represent 95% confidence intervals. 922 
 923 
Fig. 6. Partial plots showing smoothers, with 95% confidence limits, fitted to 924 
(partial) effects of the predictor variables retained in the final model of spring 925 
abundance of D. labrax in the western Dutch Wadden Sea. Tick marks in the x-926 
axis represent samples. 927 
 928 
Fig. 7. Partial plots showing smoothers, with 95% confidence limits, fitted to 929 
(partial) effects of the predictor variables retained in the final model of autumn 930 
abundance of D. labrax in the western Dutch Wadden Sea. Tick marks in the 931 
x-axis represent samples. 932 
 933 
